The auxilin family of J-domain proteins load Hsp70 onto clathrin-coated vesicles (CCVs) to drive uncoating. In vitro, auxilin function requires its ability to bind clathrin and stimulate Hsp70
INTRODUCTION
Since Palade and colleagues discovered that newly synthesized secretory proteins travel through a series of membrane-bound cellular compartments to reach the extracellular space (Palade, 1975) , a growing body of evidence indicates that vesicle-mediated transport plays a major role in moving proteins as well as lipids through the secretory and endocytic pathways (Bonifacino and Glick, 2004) . Vesicle formation and cargo sorting are facilitated by different coat proteins at specific donor sites. Clathrin was the first coat protein discovered (Roth and Porter, 1964; Pearse, 1975 Pearse, , 1976 and is involved in forming clathrin-coated vesicles (CCVs) from the plasma membrane (PM) for receptor-mediated endocytosis, and the trans-Golgi network (TGN) and endosomes for post-Golgi sorting events (Kirchhausen, 2000; Brodsky et al., 2001; Traub, 2005) . Clathrin undergoes a highly dynamic assembly and disassembly cycle coupled with the corresponding vesicle budding and uncoating cycle. The assembly process is believed to drive vesicle budding and is facilitated by donor-membrane specific adaptor proteins (APs) that bind cargo for inclusion into CCVs (Robinson, 2004) . Elegant biochemical studies have implicated heat shock protein 70 or heat shock cognate 70 (Hsp70/Hsc70) and its co-chaperone auxilin in clathrin disassembly, which is needed for vesicle fusion with an acceptor membrane as well as recycling of free triskelia (Chappell et al., 1986; Rothman and Schmid, 1986; Ungewickell et al., 1995; Barouch et al., 1997; Ungewickell et al., 1997; Greener et al., 2000; Fotin et al., 2004; Gruschus et al., 2004) .
Auxilin family members contain a J domain, a signature for the Hsp40 co-chaperone superfamily, that can stimulate the ATPase activity of their partner Hsp70s, thus regulating the interaction between Hsp70 and its client proteins (Ungewickell et al., 1995; Greener et al., 2000; Umeda et al., 2000) . The J domain is thought to be the major binding site and minimal region needed for interaction between Hsp40 members and Hsp70 (Walsh et al., 2004) . The structures of several J domains have been solved, showing a 4-helical bundle with a nearly invariant histidine, proline, and aspartic acid (HPD motif) located between helix 2 and helix 3 (Hennessy et al., 2005) .
Mutation of the HPD motif typically abolishes Hsp70 stimulation and compromises the physical interaction between Hsp40 and Hsp70 (Mayer et al., 1999; Wittung-Stafshede et al., 2003) .
However, the significance of this HPD motif in J domain function has not been tested as extensively in vivo as it has in vitro. Hsp40 members usually have other domains, besides the J domain, which can interact with client proteins. This adaptor feature enables Hsp40s to harness Hsp70 chaperone function appropriately at specific sites for specific tasks (Walsh et al., 2004) .
For example, auxilin has a clathrin-binding region, allowing it to recruit Hsp70 onto clathrin baskets for disassembly. Several short peptide sequences within the unstructured clathrin-binding domain of auxilin, such as DPF, WDW, NWQ, and DLL, are key determinants for interaction with clathrin in vitro (Scheele et al., 2003) , although the contribution of these interactions to auxilin function in vivo has not been tested.
Several lines of evidence support the role of Hsp70 and auxilin in uncoating CCVs in vivo. (1)
Overexpression or depletion of the non-neuronal form of auxilin, cyclin G associated kinase (GAK) causes a defect in receptor-mediated endocytosis (Umeda et al., 2000; Lee et al., 2005) . (2) Disruption of the yeast ortholog of auxilin, SWA2, abrogates clathrin function and causes a defect in the disassembly process in vivo (Gall et al., 2000; Pishvaee et al., 2000) . (3) RNAi knock-down of the auxilin homolog in Caenorhabditis elegans causes immobilization of intracellular clathrin and abrogates receptor-mediated endocytosis (Greener et al., 2001) . (4) Injection of mutant auxilin lacking a functional J domain into squid presynaptic terminals causes accumulation of CCVs and blocks neuronal transmitter release (Morgan et al., 2001; Augustine et al., 2006) . (5) Overexpression of an ATPase-deficient Hsc70 in HeLa cells inhibits CCV uncoating and blocks transferrin receptor recycling (Newmyer and Schmid, 2001 ). (6) An Hsc70 point mutation in Drosophila melanogaster blocks endocytosis in larval Garland cells (Chang et al., 2002) . These studies all support a model where auxilin plays a crucial role in regulating the function of Hsp70 in clathrin disassembly, presumably through the ability of auxilin to bind clathrin, recruit Hsp70 to the clathrin lattice and stimulate its ATPase activity. The yeast system provides the opportunity to test the relative contribution of these auxilin functions in regulating clathrin disassembly in vivo through mutational analysis of the auxilin ortholog Swa2p.
Swa2p has a C-terminal J domain and we had previously found that the N-terminal 287 amino acid fragment could interact with clathrin (Gall et al., 2000) . Solution structural studies indicated that most of this clathrin-binding region is unstructured, except for a small segment that folds into a ubiquitin-associated (UBA) domain that interacts with ubiquitin and ubiquitinated proteins (Chim et al., 2004) . The function of this UBA domain in Swa2p is unknown, although it could mediate interaction with CCVs because monoubiquitination is an endocytic signal and many cargo proteins within CCVs are ubiquitinated (Hicke and Dunn, 2003) . In addition, Swa2p contains three tetratricopeptide repeats within its TPR domain (Gall et al., 2000; Pishvaee et al., 2000) , which consists of a degenerate 34 amino acid repeat in a tandem array that generally serves as a protein-protein interaction platform (D'Andrea and Regan, 2003) . One major class of interaction mediated by TPR domains is with the highly conserved C-terminal EEVD of Hsp70 and Hsp90 (Scheufler et al., 2000) . The Swa2p TPR domain has several consensus amino acid residues required to form a structure called the two-carboxylate clamp that binds to negatively charged side chains from the EEVD motif (Gall et al., 2000) . Thus, Swa2p has two domains (TPR and J) with the potential to mediate interaction with Hsp70. In fact, a point mutation in the Swa2p TPR domain generates a partial loss of function allele (Gall et al., 2000) , but we had not determined if this mutation perturbs Swa2p function in Hsp70-mediated clathrin disassembly. In this report, we define the clathrin binding motifs in Swa2p and assess the in vivo significance of the clathrin-binding motifs, the TPR, and J domains to regulation of clathrin disassembly.
MATERIALS AND METHODS

Strains and plasmids
The original swa2Δ strain, JX01 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 swa2Δ::kan r ), was from the Saccharomyces Genome Deletion collection. Because direct transformation of plasmids into JX01 caused a heterogeneous growth phenotype among transformants, a plasmid shuffling strategy was used to overcome this epigenetic affect such that only phenotypically wild-type strains were transformed. JX01 was first mated to the wild-type BY4741 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) strain to generate the swa2Δ/SWA2 heterozygote, JX02. pSWA2-URA3 was then transformed into JX02 to make JX03, which was sporulated. ARF1 in JX04 as previously described (Gaynor et al., 1998) . To follow GFP-tagged clathrin light chain in the presence of different swa2 alleles, diploid JX06 was generated by mating JX04 to a CLC1-GFP strain (MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CLC1-GFP) that was from the global GFP tagging collection (Huh et al., 2003) . After random sporulation of JX06, spore JX07 (MATa his3Δ1 leu2Δ0 ura3Δ0 swa2Δ::kan r pSWA2-URA3 CLC1-GFP) was selected in SD medium with G418 but lacking uracil and histidine.
For complementation tests, LEU2 plasmids (pRS315) harboring wild-type SWA2, swa2 mutant alleles, or no insert (empty plasmid) were transformed into the shuffling strains JX04, JX05, and JX07. Transformants were grown overnight in SD medium lacking leucine and then streaked onto 5-FOA plates to select for the absence of pSWA2-URA3 but the presence of testing plasmids. Single colonies were selected once more on 5-FOA plate and these post-shuffling strains were then used for complementation tests.
All swa2 N-terminal truncation alleles and internal deletion alleles were generated by overlap extension PCR (Ho et al., 1989 ) using pRS315-SWA2 (Gall et al., 2000) Louis, MO). 0.5 nmol of each immobilized GST fusion protein was incubated with 1 ml of clarified yeast lysate for 1 hour at 4 o C on a rotating platform. Unbound proteins were separated from the resin by centrifugation. The resin with bound protein was then washed three times with PBS (pH 7.4) for 5 minutes each. Clathrin heavy chain in the bound and unbound fractions was detected on Western blots using a monoclonal antibody (Gift from Sandra K. Lemmon, University of Miami) and appropriate secondary antibody conjugated with either Alexa 680 or IR800 fluorophore (Rockland, Gilbertsville, PA). Blots were visualized using an Odyssey infrared scanner unless otherwise specified, and Odyssey Application Software was used to quantify total clathrin present in each fraction.
Growth and α-Factor Halo assays
Post-shuffling strains were grown at 30 o C in SD -Leu medium to mid-log phase. Cells were harvested, resuspended in sterile water at 1 OD 600 /ml, and 3 µl of a 10-fold serial dilution was spotted onto YPD plates and incubated at 30 o C or 37 o C for 24-36 hours before photographing.
Secretion of biologically active α-factor was determined as previously described (Hopkins et al., 2000) with the following modifications. Post-shuffling strains harboring different SWA2 alleles were grown at 30 o C in SD -Leu medium to mid-log phase. Cells were harvested and resuspended in sterile water at 1 OD 600 /ml. 5 µl of each cell suspension was spotted on plates containing the supersensitive strain RC634 (MATa sst1-3 rme ade1-2 ura1 his6 met1 can1 cyh2 GAL) (Chan, 1977) in the top agar and incubated at 30 o C for 2 days.
Clathrin distribution assay
The distribution of clathrin between assembled and free triskelia forms was determined as previously described (Gall et al., 2000) with the following modifications. Protein in the high-speed supernatant (S150) was first precipitated with 10% TCA on ice for 30 minutes, then resolubilized in 5% SDS, 0.1 N NaOH. The high-speed pellet (P150) was also solubilized in 5% SDS, 0.1 N NaOH. Total protein concentration for both fractions was measured by the BCA method, and 8 µg of total protein from each fraction was resolved by SDS-PAGE. Clathrin was detected by Western blot and quantified as described above.
RESULTS
Clathrin binding motifs in Swa2p.
We had previously found that the N-terminal 287 amino acid fragment of Swa2p binds clathrin (Gall et al., 2000) but as described below, deletion of these sequences has little impact on Swa2p function in vivo. Therefore, we sought to better define the sequences responsible for interaction of Swa2p with clathrin. Swa2p contains several sequence motifs that could potentially bind clathrin, a DPF at the N-terminus, a DLL near the middle of the protein, and a degenerate clathrin box I motif, LLDFS, between the DLL sequence and TPR domain (Fig.1A ). In addition, the UBA domain could also potentially recruit Swa2p to CCVs through its interaction with ubiquitinated cargo proteins. There are no known clathrin binding motifs present in the C-terminal fragment 363-668.
To define sequences within Swa2p with the capacity to interact with clathrin, we performed a complete scan of Swa2p for fragments with clathrin-binding activity using a GST pull-down assay from yeast lysate. GST fusions with Swa2p fragments 1-100 (CB1), 238-302 (CB2), and 303-362 (CB3), containing each of the three putative clathrin-binding motifs, were able to pull down more clathrin than GST alone ( But strikingly, fragment 1-237, containing both CB1 and UBA, pulled down 50-60 times more clathrin than CB1 alone (Fig.1C) . Similarly, a fragment containing both the DLL and LLDFS motifs (288-362) interacted avidly with clathrin ( Fig.1C) . Finally, there was no detectable interaction between clathrin and the C-terminal fragment (363-668) bearing the TPR and the J domains. Therefore, we conclude that there are a number of weak interactions between clathrin and short unstructured motifs in the N-terminus of Swa2p. In addition, these results also suggest that the UBA domain may contribute to the recruitment of Swa2p to CCVs.
To further address whether the UBA domain or other sequences in the 101 -237 segment facilitates clathrin interaction in combination with CB1, additional GST fusion proteins were prepared containing amino acids 1 -140 (without the UBA) and 1 -181 (with the UBA) and tested for clathrin binding. The 1 -140 fragment bound much more clathrin than fragment 1 -100, and no additional clathrin was pulled down with fragments 1 -181 or 1 -237
(Supplementary Figure 1) . Therefore, an additional clathrin-binding activity maps to amino acids 100 -140 and no contribution to clathrin interaction was observed for the UBA domain.
For these pull-down experiments, yeast cytosol centrifuged at high speed to remove clathrin-coated vesicles was used as a source for free clathrin triskelia. Comparable data were obtained using clathrin-coated vesicles in the high-speed pellet (unpublished observations).
Thus, these Swa2p-clathrin interactions occur with free triskelia and are not enhanced or bridged by other components of clathrin-coated vesicles. In addition, mass spectrometry analysis of proteins co-purified with Swa2p (visible by colloidal blue staining) using tandem affinity purification (TAP) identified clathrin, Ssa and Ssb (Hsc70) proteins and a few abundant proteins that commonly contaminate TAP purifications (such as ribosomal proteins). No other clathrin binding protein was present in sufficient quantity to have bridged the interaction with clathrin and so it is likely that the Swa2p-clathrin interactions assayed here are direct (unpublished observations).
Requirement for Swa2p CB motifs in vivo.
To test the function of the CB motifs in vivo, we generated a series of Swa2p N-terminal truncations up to amino acid residue swa2ΔUBA, , which progressively eliminated all three biochemically defined CB regions as well as the UBA domain. These swa2 alleles were transformed into a swa2Δ strain and tested for complementation of the swa2Δ growth defect.
Surprisingly, all N-terminal truncations up to amino acid 302 complemented the swa2Δ growth defect as well as wild-type SWA2 (data shown for swa2Δ2-302 only) while swa2Δ2-362 partially complemented swa2∆ in the growth assay ( Fig.2A) , indicating that Swa2Δ2-362 protein has partial function in vivo even though it lacks all known CB motifs. In addition, deletion of the UBA domain did not appear to affect Swa2p function. Most of the truncated Swa2 proteins were expressed at a level comparable to wild-type Swa2p ( Fig.2D and unpublished observations).
However, the Swa2Δ2-362 protein expressed from a CEN plasmid was poorly detected on the Western blot (Fig.2D) . It is not clear if this is due to instability of Swa2∆2-362, or the loss of major epitopes for the polyclonal antibodies used for detection. Overexpression of swa2Δ2-362 from a multi-copy (2µ) plasmid yielded three-fold more protein (Fig. 2E ), but overexpression did not improve its ability to complement the swa2∆ growth defect (data not shown).
These truncation alleles were also tested for complementation of swa2Δ defect in α-factor processing. Normal clathrin function is required for correct protein sorting at the TGN, thus swa2Δ causes mislocalization of TGN resident proteases that cleave pro-α-factor to its mature form (Payne and Schekman, 1989) . To assay for secretion of mature α-factor, the swa2 mutants were spotted onto a lawn of MATa cells that are super-sensitive to the pheromone. Mature α-factor induces a G1 arrest in the lawn cells producing a zone of growth inhibition, or halo, around patches of cells secreting α-factor. Pro-α-factor is not biologically active and so the size of the halo depends on the amount of mature α-factor secreted. Because swa2Δ has a defect in secreting mature α-factor, it produced a much smaller halo than the wild-type strain (Fig.2B) .
The hypomorphic nature of swa2Δ2-362 was more obvious in the halo assay with a halo size intermediate between SWA2 and swa2Δ, while any smaller truncation complemented as well as wild-type SWA2 (Fig.2B and unpublished observations) .
The SWA2 gene was originally identified in a screen for mutations synthetically lethal with arf1 , a small GTP-binding protein that recruits clathrin to the TGN.
For a more sensitive functional assay, the truncation alleles were tested for complementation of arf1Δ swa2Δ synthetic lethality using a plasmid shuffling strategy. An arf1Δ swa2Δ strain carrying wild-type SWA2 on a URA3 plasmid was transformed with a LEU2 plasmid harboring the indicated truncation allele. Cells capable of losing pSWA2-URA3 were selected on medium containing 5-fluoroorotic acid (5-FOA) to assess the ability of each swa2 truncation to support growth. At 30 o C, again only swa2Δ2-362 showed a synthetic growth defect with arf1Δ, although not as severe as the empty plasmid (swa2∆) control (Fig.2C) . However, when these strains were incubated at 37 o C to make the conditions more stringent, we observed an increased dependency on CB1 and CB2 (Fig.2C , compare swa2Δ2-100 and swa2Δ2-287 to SWA2 at 37 o C). Interestingly, the growth of swa2ΔUBA was slightly better than that of SWA2 at 37 o C (Fig.2C) , suggesting the UBA domain may exert a negative influence at this temperature. The same pattern was also true for swa2Δ2-100 and swa2Δ2-181 that differ in the presence or absence of the UBA domain, respectively (Fig.2C) . Overall, we conclude that the interaction with clathrin is important for full function of Swa2p in vivo although Swa2p can tolerate the loss of all biochemically defined CB motifs with compromised activity.
Requirement for Swa2p CB motifs in regulating clathrin dynamics in vivo.
Because the truncation of all known N-terminal CB motifs did not abolish all Swa2p function in vivo, we further examined the influence of truncations on clathrin dynamics. There are two major pools of clathrin in the cell; a pool of free triskelia that is cytosolic and fractionates in a high-speed supernatant (S150) after centrifugation of cell lysates, and a pool of assembled clathrin that fractionates in a high-speed pellet (P150). From a wild-type strain, the majority of total clathrin fractionates in the S150 indicative of free triskelia, whereas the pool of assembled clathrin (P150) from the swa2Δ strain increased significantly (Fig.3A,B) . As previously shown, these data indicate a Swa2p requirement for clathrin disassembly. By this assay we observed a graded response to the truncation series, with more clathrin present in the P150 as more known CB motifs were removed (Fig.3A , B and unpublished data). swa2Δ2-362 showed the most severe phenotype among all the SWA2 N-terminal truncation alleles, but still not as severe as swa2Δ in this clathrin distribution assay (Fig.3A,B) .
Next, we examined the impact of these truncation mutants on clathrin distribution in living cells expressing a clathrin light chain GFP fusion protein (Clc1-GFP) as the sole source of light chain. These cells grow at wild-type rates suggesting that Clc1-GFP is functional. In wild-type cells, Clc1-GFP fluorescence is diffusely spread throughout the cytosol, representing the free triskelia and CCVs (Fig.3C) , with a number of small puncta that likely represent assembled clathrin on the TGN or endosomes. Indeed, most of the Clc1-GFP puncta in wild-type cells co-localizes with Sec7-RFP, a marker for the TGN further suggesting Clc1-GFP is functional (supplementary Figure 2) . Strikingly, Clc1-GFP coalesces into a single, large punctum with very little diffuse cytosolic fluorescence in swa2Δ cells, indicating a strong defect in the regulation of clathrin dynamics (Fig. 3C, D) . The truncation of Swa2p up to amino acid 302, removing CB1, UBA, and CB2, complemented the Clc1-GFP aggregation phenotype of swa2Δ (Fig.3C) .
However, the truncation missing all known CB motifs, swa2Δ2-362, failed to complement and appeared much like swa2Δ. Therefore, we conclude that the clathrin binding activity of the Swa2p N-terminus has an essential function in regulating clathrin dynamics in vivo. In addition, a single CB motif appears to be sufficient to support nearly wild-type Swa2p function in vivo.
Interestingly, the Clc-GFP punctum appeared to be inherited in a cell-cycle dependent fashion.
New clathrin puncta appeared in daughter cells when the bud reached ~50% the diameter of the mother cell (Fig.3D ). This suggests that the clathrin assembly (or aggregation) is nucleated on a specific structure that is inherited in a cell-cycle controlled pattern. It is not clear if the localization of Clc1-GFP reflects the distribution of endogenous clathrin in swa2∆ because immunological detection of clathrin (untagged) in cells depleted of Swa2p showed increased membrane association of clathrin at the expense of diffuse cytosolic fluorescence, but did not show coalescence to a single spot (Pishvaee et al., 2000) . Therefore, it is possible that Clc1-GFP may exaggerate the defect in clathrin disassembly exhibited by swa2∆. However, this phenotype provides a valuable assay for Swa2p function in a living cell as the extent of Clc1-GFP coalescence caused by the swa2 allelic series correlates well with the increase in assembled clathrin (untagged) measured by centrifugation.
Requirement for Swa2p TPR and J domains in vivo
All Hsp40/DnaJ family members contain a signature J domain with a nearly invariant HPD motif that is critical for interaction with Hsc70 both physically and functionally (Hennessy et al., 2005) . To determine if the HPD motif in Swa2p J domain is also required for stimulating Hsp70
ATPase activity, we mutated the HPD to AAA, fused both the mutant and wild-type J domains to GST, and assayed each recombinant fusion protein in vitro for stimulation of Ssa1p, a yeast cytosolic Hsp70. Purified Ssa1p and indicated GST fusions were incubated in the presence of ATP at 30 o C for the times indicated in Fig.4 , and ATPase activity was assessed by production of free phosphate. GST alone and GST-N(1-287), lacking both the TPR and the J domain, served as negative controls. As shown in Fig.4 , wild-type GST-J(562-668) robustly stimulated ATP hydrolysis by Ssa1p, but the HPD→AAA mutant GST-J*(562-668) was only slightly more active than the negative controls, indicating the HPD→AAA mutant is defective for J domain function as expected.
We anticipated that mutation of the HPD motif in the J domain of Swa2p (to produce swa2-j, Fig.5A ) would interrupt the function of Swa2p as a co-chaperone and render it nonfunctional in vivo. But surprisingly, the swa2-j allele complemented swa2Δ defects in both the growth and halo assays (Fig.5B,C) , suggesting that either the J domain is not required for Swa2p function in vivo or swa2-j is a hypomorphic allele. In fact, swa2-j does cause a growth defect when combined with arf1Δ ( Fig.5D ) and so the HPD→AAA mutation causes a partial loss of function in vivo.
The TPR domain of Swa2p is conserved well with the TPR1 domain in Hsp70/Hsp90 organizing protein (Hop) that interacts specifically with Hsp70 (Gall et al., 2000; Scheufler et al., 2000) , so we considered the possibility that the TPR and J domains in Swa2p are redundant for interaction with Hsp70. For example, Sti1p, the yeast homolog of Hop, and the TPR-containing protein Cns1p potently stimulate Hsp70 ATPase activity even though these proteins do not contain a J-domain (Wegele et al., 2003; Hainzl et al., 2004) . The TPR mutant allele, swa2-tpr (Fig.5A ) was originally isolated from the arf1 synthetic lethal screen, but it did not perturb growth of strains carrying wild-type ARF1 (Gall et al., 2000) . As expected, the swa2-tpr allele complemented the swa2Δ growth defect (Fig.5B) and was synthetically lethal with arf1Δ (Fig.5D) in the strain background used in this study. In addition, swa2-tpr showed a slight defect by the halo assay (Fig.5C ) and interestingly, the halo and synthetic lethal tests indicate that swa2-tpr has a more impaired function in vivo than swa2-j. Importantly, when we combined the TPR G388R mutation with the HPD→AAA mutation, the double mutant completely failed to complement swa2Δ in the growth, halo, or synthetic lethal assays (swa2-tpr-j, Fig.5B,C,D) . Expression of Swa2-tpr-j protein is reduced relative to wild-type Swa2p or either single mutant protein (Fig.6A) , raising the possibility that the loss of function is due to insufficient protein. Overexpression of the double mutant from a multi-copy (2µ) plasmid yielded comparable protein to wild-type SWA2 expressed from a low-copy (CEN) plasmid (Fig.6A) . However, the overexpressed swa2-tpr-j still failed to complement the swa2Δ growth defect (Fig.6B) .
Influence of Swa2p TPR and J domains on clathrin dynamics in vivo
We further explored the potential redundancy between Swa2p TPR and J domains in regulating clathrin dynamics in vivo. Both the swa2-tpr and swa-j mutants were partially defective in clathrin disassembly in the fractionation assay, but again the swa2-tpr-j double mutant failed to complement and accumulated an equivalent amount of assembled clathrin in the P150 as swa2Δ (Fig.7A,B) . We next examined the Clc1-GFP distribution in the presence of these alleles. The swa2-tpr and swa-j mutants exhibited a phenotype intermediate between wild-type and swa2Δ (Fig.7C) . Large clathrin aggregates that were absent in wild-type cells could be detected in both the swa2-tpr and swa2-j mutants. However, the fluorescent intensity of these aggregates was weaker than that of swa2Δ, and smaller puncta with diffuse cytosolic fluorescence were also present. In contrast, the swa2-tpr-j mutant was indistinguishable from swa2Δ. Consistent with the cell fractionation data, mutation of both the TPR and the J domain causes a complete loss of function of Swa2p in clathrin-GFP disassembly. The loss-of-function phenotype of swa2-tpr-j relative to the single mutants, suggests that both the TPR and the J domain are involved in the same process, presumably harnessing Hsp70 for clathrin uncoating.
The Swa2p J and TPR domains are not functionally interchangeable
The results described above suggest that TPR and J domains are functionally redundant, but this conclusion relies on the assumption that the G388R (swa2-tpr) and HPD→AAA (swa2-j) mutations completely inactivate these two domains. However, we found that a J-domain deletion (swa2∆J) fails to complement the swa2∆ defects in growth (Fig 8A) or Clc1-GFP distribution (unpublished observation). In addition, Pishvaee et al. (2000) also reported that deletion of the J-domain inactivates Swa2p function in vivo. The swa2∆J allele we produced is expressed poorly, but the J-domain deletion generated by Pishvaee et al. (2000) was reported to be stable. Therefore, it is likely that the J-domain is required for function, rather than stability, of this modular protein. If this is the case, then the HPD→AAA mutation does not eliminate J domain function in vivo. Moreover, deletion of the TPR domain (swa2∆TPR) also caused a complete loss of function (Fig 8C) . After normalizing for the loading control (PGK), the Swa2∆TPR protein is expressed at ~50% the level of wild-type Swa2p and so it is reasonably stable (Fig. 8D) . Likewise, the G388R mutant is also hypomorphic for the activity of the TPR domain. Therefore, these data suggest that each domain is indispensable for the ability of Swa2p to regulate Hsc70 activity in vivo.
Discussion
Prior biochemical studies suggest a model for auxilin function whereby multiple clathrin-binding motifs within an unstructured domain mediate interaction with assembled clathrin coats, while the J-domain recruits Hsc70-ATP and stimulates its ATPase activity. The ADP-bound Hsc70 would then interact tightly with clathrin and induce a conformational change that causes release of triskelia from the lattice (Ungewickell et al., 1995; Gruschus et al., 2004) Also surprising was the observation that a fragment containing only the TPR and J-domains can partially complement swa2Δ growth defects. This suggests that either the C-terminal TPR-J fragment has a clathrin binding activity (mediated by a novel clathrin-interaction motif) that went undetected in the pull-down experiments, or that Swa2p has other cellular functions besides its role in regulating clathrin dynamics. In support of the latter possibility, SWA2 was identified in a genetic screen for ER inheritance mutants (Du et al., 2001) , and so it will be interesting to test if swa2Δ2-362 complements the ER inheritance defect of swa2∆. The function of the UBA domain in Swa2p is still unclear, as it does not appear to contribute to clathrin interaction and deletion of this domain does not perturb Swa2p function in vivo.
The most unexpected observation of this work is that mutation of the highly conserved HPD motif (HPD→AAA) in the Swa2p J-domain produces only a mild, partial loss of function phenotype in vivo. In contrast, the same HPD→AAA mutation strongly abrogates the ability of a Hsp40 member, Sis1p, for interaction with Hsc70 (Qian et al., 2002; Aron et al., 2005) . Although
Sis1p does not have a TPR domain, interaction between a C-terminal domain of Sis1p with the C-terminus of Hsc70p is needed to provide full Sis1p/Hsc70 activity in maintenance of a yeast prion (Lopez et al., 2003; Aron et al., 2005) . Unfortunately, the Swa2p TPR domain does not express well in E. coli when fused to either GST or a hexahistidine tag and we have not been able to detect an interaction between the TPR domain and the C-terminus of Hsc70. In addition, a stable GST fusion bearing the CB3, TPR and J domains (a fragment that is functional in vivo) fails to pull-down clathrin or stimulate the ATPase activity of Hsc70 (unpublished observations).
This result may suggest that the TPR domain mediates an intramolecular interaction regulated by a eukaryotic posttranslational modification, but we cannot rule out the more trivial possibility that this fragment misfolds in E. coli.
In conclusion, although biochemical confirmation is not at hand, the genetic results strongly suggest that the Swa2p TPR domain regulates Hsc70 activity in clathrin uncoating. The potential second-site interaction with Hsp70, in addition to the J domain/Hsp70 interaction, may provide an extra handle for stable association. For example, the potential TPR -Hsp70 interaction could locally concentrate Hsp70 such that even a crippled J domain (HPD→AAA mutant) can function in vivo. This is consistent with an induced-fit model, which suggests that the HPD motif is not the catalytic unit for Hsp70 stimulation, but that it orients helix 2 and 3 of J domains for productive interaction with Hsp70 (Huang et al., 1999; Berjanskii et al., 2002; Landry, 2003) . The TPR-Hsp70 interaction may facilitate this orientation even in the absence of the HPD motif. Our data also indicate that the J-Hsc70 interaction is insufficient to mediate clathrin disassembly in the absence of the TPR domain. Perhaps the J-Hsc70 interaction alone is too weak to be maintained through multiple cycles of ATP hydrolysis and substrate transfer. Deletion of the GAK J domain disrupts the function of this non-neuronal auxilin in vivo , but it will be interesting to determine if mammalian auxilins, which lack TPR domains, require the HPD motif to regulate Hsc70 in vivo.
While TPR and J-domains are commonly found in proteins that regulate Hsp70 and Hsp90, it is uncommon to find both domains in a single protein. Another example of a TPR-J protein is P58 IPK , an inhibitor of the interferon-induced, protein kinase R (PKR) (Melville et al., 1997) , which upon activation by double-stranded RNA phosphorylates eukaryotic initiation factor (eIF) 2α to attenuate protein synthesis (Taylor et al., 2005) . P58 IPK also interacts with and inhibits the PKR-like ER kinase (PERK) that phosphorylates eIF2α as part of the ER stress response (Yan et al., 2002a) . In an important parallel to our studies, mutation of the P58 IPK HPD motif to AAA does not significantly abrogate the ability of P58 IPK to inhibit PKR in vivo (Yan et al., 2002b) . In this case, a complete deletion of the J-domain was not tested and so it is not known if the mutant J-domain retains some function in vivo that is supported by the TPR domain. Therefore, to our knowledge, the current work with Swa2p provides the first example of collaborative regulation of Hsp70 function by TPR and J domains contained within a single co-chaperone.
Another fascinating observation made here is the behavior of a clathrin-GFP fusion in the swa2Δ strain. All of the visible clathrin-GFP coalesces into a single focus in the swa2∆ mother cell, reminiscent to the insoluble, prion state of Rnq1-GFP, [RNQ+] (Sondheimer and Lindquist, 2000) . In addition, the Clc1-GFP aggregates appear to be "inherited" into the bud, resembling another key feature of yeast prions. Moreover, Hsp70 and co-chaperones are required for regulation of both clathrin dynamics and yeast prion propagation (Newnam et al., 1999; Jung et al., 2000; Jones and Masison, 2003) . containing 100 µM ATP and [γ-32 P]ATP. Samples were harvested at the indicated times and free phosphate was separated from ATP by thin layer chromatography. ATP hydrolysis was quantified as described previously (Lu and Cyr, 1998 ) (n=3, +/-standard deviation). 0.5 OD 600 cell equivalents were subjected to Western Blotting as described above. The asterisk indicates a degradation product of Swa2p.
